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Summary
Adaptive codon usage provides evidence of natural
selection in one of itsmost subtle forms: a fitness ben-
efit of one synonymous codon relative to another. Co-
don usage bias is evident in the coding sequences of
a broad array of taxa, reflecting selection for transla-
tional efficiency and/or accuracy as well as mutational
biases. Here, we quantify the magnitude of selection
acting on alternative codons in genes of the nematode
Caenorhabditis remanei, an outcrossing relative of the
model organism C. elegans, by fitting the expected
mutation-selection-drift equilibrium frequency distri-
bution of preferred and unpreferred codon variants
to the empirical distribution. This method estimates
the intensity of selection on synonymous codons in
genes with high codon bias as Nes = 0.17, a value sig-
nificantly greater than zero. In addition, we demon-
strate for the first time that estimates of ongoing selec-
tion on codon usage among genes, inferred from
nucleotide polymorphism data, correlate strongly
with long-term patterns of codon usage bias, as mea-
sured by the frequency of optimal codons in a gene.
From the pattern of polymorphisms in introns, we
also infer that these findings do not result from the
operation of biased gene conversion toward G or
C nucleotides. We therefore conclude that coincident
patterns of current and ancient selection are responsi-
ble for shaping biased codon usage in the C. remanei
genome.
Results and Discussion
Codon usage bias describes the nonrandom incorpora-
tion of alternative synonymous codons into coding se-
quences, which can be driven both by neutral factors
(mutation, genetic drift, biased gene conversion) and
by natural selection [1, 2]. Strong patterns of codon us-
age bias pervade bacterial and yeast genomes [3, 4],
and evidence of selection on codon usage bias is found
in a variety of plants, arthropods, and nematodes [5–10].
Selection for translational efficiency and/or accuracy in
highly expressed genes is the most likely explanation
for adaptive codon usage bias, such that a greater
abundance of codons in a sequence matching the most
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more quickly and with less error [9]. The codons that
are overrepresented in highly expressed genes are
termed preferred or optimal codons [3]. Because only
a very small fitness difference is likely to result from in-
corporating one synonymous codon rather than an-
other, theory predicts that selection for codon usage
bias requires a large effective population size for a
population to respond to such weak selection (so that
Nes z 1, where Ne is the effective population size and
s is the selection coefficient against an unpreferred co-
don at a particular site [1, 2]). However, relatively few
studies have quantified the strength of selection favor-
ing such preferred codons, and in eukaryotes such esti-
mates are limited to species of Drosophila [11–17] and
humans [18, 19].
Here, we quantify the selection intensity on codon bias
from the frequency distribution of preferred and unpre-
ferred codon variants in the nematode Caenorhabditis
remanei, employing a little-used method that does not
require information about the ancestral state of variant
sites. Recent studies surveyed nucleotide polymor-
phism in this species [20–23], from which we extracted
the status of variant sites with respect to whether they
define preferred and unpreferred codons in nine genes,
by using the C. elegans optimal codon table as a refer-
ence [7, 24]. We classify diallelic polymorphisms at syn-
onymous sites into three categories, depending on
whether the base difference results in (1) two different
unpreferred codons encoding the amino acid (UU), (2)
two different preferred codons encoding the amino
acid (PP), or (3) one preferred and one unpreferred co-
don encoding the same amino acid (PU). Both the UU
and PP cases probably involve neutral or nearly neutral
changes, whereas selection may be able to distinguish
between the alternative bases associated with a PU
polymorphism. The C. elegans optimal codon table is
probably appropriate forC. remanei, given thatC. brigg-
sae shares the same set of optimal codons with C. ele-
gans [25], thatC. briggsae andC. remanei are equally di-
vergent from C. elegans [26], and that optimal codon
identity evolves slowly in nematodes and other taxa
[27]. However, these various congeners are too diver-
gent at silent sites to permit outgroup polarization of
intraspecific polymorphisms relative to their ancestral
state, which forms the basis of the ‘‘ratio of polymor-
phism to divergence’’ (rpd) approaches that have been
used to estimate Nes in several species of Drosophila
[12, 14]. Consequently, we employ an alternative method
to identify the value ofNes that provides the best fit of the
mutation-selection-drift equilibrium distribution of pre-
ferred codon variants [28] to that observed empirically.
The variant frequency distribution of preferred codons
for PU polymorphisms is expected to be skewed toward
high frequencies if they are subject to selection for
translational efficiency and/or accuracy; otherwise,
a neutral distribution is expected, i.e., the frequency dis-
tribution will be symmetrically U-shaped [28]. For the
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codon variants demonstrate a striking skew toward
high frequencies (Figure 1A). This observation supports
the hypothesis that ongoing selection shapes codon us-
age bias in C. remanei. Consequently, we fitted the fre-
quency distribution of preferred codon variants to that
expected under mutation-selection-drift equilibrium,
in order to calculate maximum likelihood estimates for
the scaled selection coefficient, g = 4Nes [28]. For all
PU polymorphisms considered together, g = 0.35, rang-
ing between w0 and 0.98 for individual loci (Table 1;
Figure 1. Selection on Codon Usage
(A) Frequency distribution of preferred codons at synonymous sites
polymorphic for preferred and unpreferred codons, pooled across
all loci (light gray, n = 122 variant sites) and for loci with Fop > 0.4
(dark gray, n = 75 variant sites).
(B) Log-likelihood curves for g = 4Nes from frequencies of preferred
and unpreferred codons, standardized to make each maximum log-
likelihood zero. The likelihood curve for the pooled sample is given in
black, with dashed and dotted lines corresponding to sets of loci
with high or low codon bias, respectively.
(C) Plot of maximum likelihood selection intensity estimates for each
locus against the codon bias of the locus.Figure 1B). We also considered separately loci with
high overall codon bias (Fop > 0.4) and with low codon
bias (Fop < 0.4) (Figure 1B), for which a likelihood-ratio
test detected significant heterogeneity in g (2DlnL =
4.08, df = 1, p = 0.043). Based on a 2-log-likelihood con-
fidence limit, we demonstrate significant selection on
preferred codons (4Nes > 0) for the subset of loci with
high codon bias (Figure 1B; Table 2). Table 2 also shows
that there is a much larger increase in lnL when fitting
separate g values for GC4 AT mutations in low- and
high-biased coding sequences (see below), further sup-
porting the existence of an effect of codon usage onNes.
Furthermore, the per-locus selection intensity estimates
correlate strongly with the overall codon usage bias of
genes (Figure 1C; Spearman’s r = 0.94, p = 0.002). In
other words, loci with stronger overall codon usage
bias that has built up historically also exhibit stronger
ongoing selection for the incorporation of preferred
codons.
The widespread operation of gene conversion biased
toward AT/ GC base replacement also could lead to
a prevalence of high frequencies of preferred codon var-
iants [29, 30], because preferred codons tend to have
guanine or cytosine at third positions in Caenorhabditis
(16 of 21 preferred codons end in G or C; [7, 24]). Conse-
quently, we also assessed the frequency distribution of
synonymous PU sites in coding regions with a GC4 AT
polymorphism relative to GC4 AT polymorphic sites in
noncoding regions. Consistent with the expectations of
selection rather than biased gene conversion, GC4 AT
polymorphisms at PU sites yielded an estimate of the
selection intensity that is nominally greater than that ob-
served for noncoding GC4 AT variants (g = 0.30 versus
20.08), but not significantly so, according to the 2-log-
likelihood confidence intervals (Table 2). Similarly,
GC4 AT variants at other classes of sites that should
not be subject to differential selection (PP and UU sites,
all synonymous or PU sites in low Fop loci) show no evi-
dence of the high g values seen for PU sites in high Fop
loci (Table 2). The negative sign of the estimated g for
GC variants in noncoding regions implies that, if any-
thing, AT variants occur at higher frequency than GC
variants, in contrast to reports for D. melanogaster and
Table 1. Codon Bias Statistics
Max
Fop
b
Min
ENCb
Frequency of
Preferred Variants
Locusa Mean Median gc Max(lnL)d
p22 0.650 39.3 0.672 0.818 0.81 5.3
p17 0.472 40.0 0.705 0.875 0.98 19.8
p15 0.460 47.3 0.639 0.667 0.64 22.9
Cr-glp-1 0.445 61.0 0.517 0.542 0.08 94.5
p21 0.411 50.2 0.633 0.712 0.61 19.0
P24 0.394 50.3 0.518 0.419 0.08 36.0
Cr-odr-3 0.337 49.8 0.452 0.500 20.22 65.6
Cr-fem-3 0.317 52.5 0.467 0.364 20.15 171.8
p18 0.311 52.1 0.361 0.206 20.64 20.6
pooled 0.576 0.606 0.35 431.5
a Data from [20]–[23].
b Computed for sequenced regions only.
c Maximum likelihood estimate of selection intensity g = 4Nes on
codon usage.
d Maximum log-likelihood value for estimation of g.
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Site Class Variant Type Total Variant Sites g (2 lnL Interval) Max lnL
PU sites P/U 122 0.35 (20.05–0.75) 431.5
P/U (high Fop) 75 0.67 (0.16–1.21)
a 161.0
P/U (low Fop) 47 20.14 (20.78–0.49) 272.5
Synonymous sites GC/AT 174 0.09 (20.23–0.42) 651.7
GC/AT (high Fop) 98 0.47 (20.17–0.71) 105.1
GC/AT (low Fop) 76 20.12 (20.63–0.37) 477.4
PU sites GC/AT 108 0.30 (20.12–0.72) 398.2
GC/AT (high Fop) 68 0.55 (0.02–1.10)
a 153.5
GC/AT (low Fop) 40 20.12 (20.81–0.56) 245.9
Noncoding sites GC/AT 157 20.08 (20.43–0.26) 1272.9
PP + UU sites GC/AT 66 20.23 (20.78–0.30) 254.8
a Significant difference from zero.D. simulans [29], a result that conflicts with a biased
gene conversion interpretation of the patterns in
C. remanei.
The expected proportion of sites containing preferred
codons at mutation-selection-drift equilibrium can be
approximated by the expression E x = 11 + ke2g

, where k
is the ratio of mutation rates from and to preferred co-
dons [1, 2]. Although it is difficult to use this expression
to infer g, because of problems in estimating k, the same
relation should describe expected synonymous-site
GC-content, E(x0), by letting k0 be the GC4 AT mutation
bias and g0 the selection intensity on synonymous GC4
AT changes. In this case, k0 can be estimated from the
GC content of noncoding sequence (GCnc), assuming
that it is neutrally evolving and at equilibrium; for the
sample of genes considered here, average GCnc =
0.33, so we infer k0 = 2.0. The value of g0 for GC variants
is estimated from the maximum likelihood method to be
0.30 from the above-mentioned GC4 AT variants at PU
sites (Table 2). With these estimates of k0 and g0, the ex-
pected average GC-content at synonymous sites, E(x0),
is 40.3%, a value slightly less than the observed 41.4%
mean GC-content at 4-fold degenerate sites. Because
GC-biased gene conversion would cause underestima-
tion of k0, biased gene conversion should cause the
above calculations to predict greater than observed
levels of GC at silent sites [14, 17]; the slightly greater
observed than predicted equilibrium GC content thus
lends additional support to the notion that biased gene
conversion does not drive the observed patterns in C.
remanei. Note that a similar method to that used here
for estimating g0 has been used to quantify the intensity
of biased gene conversion in D. melanogaster and D.
simulans [29].
Among the sample of nine genes considered here, we
found the selection intensity on preferred codons, Nes,
to average 0.09, and for the loci with strong overall co-
don usage bias, we compute a slightly higher value of
Nes = 0.17. This value is somewhat smaller than the
Nes values of 0.19, 0.38, 0.63, and 0.65 reported, respec-
tively, for D. melanogaster, D. virilis, D. miranda, and D.
americana [14, 15, 17] and for a combined analysis of
several Drosophila species (0.34 % Nes % 0.78) [16].
Even greater estimates of Nes have been reported for
D. simulans (Nesz 2) and D. pseudoobscura (Nesz 4)
[12, 13]. However, values ofNes > 1 are expected to yield
genes that only use preferred codons (which is notobserved empirically), so it has been argued that the ef-
fects of departure from equilibrium may confound infer-
ences of selection intensity on codon bias in these spe-
cies [14]. Also, a reanalysis of D. simulans data yielded
a substantially lower estimate of Nes = 0.69 [15], as did
an analysis of multiple Drosophila species that includes
D. simulans [16].
Several possible factors may explain the difference
between the selection intensity estimates for C. remanei
and Drosophila. First, it may simply reflect lower overall
levels of codon bias among the sample of genes in-
cluded in this study. Indeed, McVean and Vieira [15] re-
port a 4-fold range of variation in selection intensity
among loci for two species of Drosophila, and short ver-
sus long genes in Drosophila exhibit nearly a 2-fold dif-
ference in selection intensity on codon usage [16]. Sec-
ond, variance in selection intensity across sites may
cause underestimation of mean g [17]. We extended
our likelihood method to include a distribution of g
values across sites, with a second-order Taylor series
approximation to obtain log-likelihood surfaces for
both the mean and variance of g. While including a vari-
ance term always increased the likelihood, the effects
were nonsignificant and the location of the maximum
with respect to mean g was not affected. Third, the ef-
fective population sizes of Drosophila species may, in
general, be greater than that of C. remanei, leading to
a reduced value of the combined parameter Nes in the
worm. However, estimates of Ne derived from measures
of diversity (q) and mutation rate imply comparable ef-
fective population sizes for C. remanei and Drosophila
species [23]. Fourth, the magnitude of the selective ad-
vantage of incorporating preferred codons might be
greater in flies than in worms. For example, ifDrosophila
have substantially longer larval and adult life spans in
nature than do C. remanei, then the opportunity for se-
lection on codon usage may be greater in flies. Alterna-
tively, a shorter half-life of transcripts or proteins in Dro-
sophila cells would require higher rates of transcription,
which could result in added selection on codon usage—
although we know of no data that speak to this hypoth-
esis. TheD.melanogaster genome also has fewer genes
than C. elegans, but they are more frequently alterna-
tively spliced [31, 32], which could result in greater
per-locus transcription rates in Drosophila relative to
Caenorhabditis if the transcription rate per nuclear ge-
nome is similar in the two groups.
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demonstrates that selection differentiates among alter-
native codons in C. remanei. Specifically, among sites
that are polymorphic for preferred and unpreferred co-
dons, we observe that (1) the preferred codon is typically
present at higher frequency and (2) the frequency distri-
bution is more skewed for loci that are composed of
a higher fraction of optimal codons, indicating that his-
torical and ongoing patterns of selection are coincident.
This does not appear to be a result of biased gene con-
version toward G and C nucleotides, as shown by vari-
ants in noncoding regions not conforming to the pattern
expected if biased gene conversion shapes base com-
position and codon usage. An estimate of theC. remanei
effective population size of Ne = 1.6 3 10
6, based on an
application of the estimated C. elegans neutral mutation
rate to C. remanei silent-site diversity [23], implies that
we are able to detect a selection coefficient (s) on pre-
ferred codons of approximately 1.1 3 1027. These pat-
terns illustrate how even weak natural selection can be
recorded in genomes over both short and long evolu-
tionary timescales by skewing allele frequencies in
a population and by altering codon usage and base
composition in genes.
Experimental Procedures
In this study, we used polymorphism information for nine nuclear
loci from recent surveys of genetic diversity in C. remanei [20–23].
Six loci derive from uncharacterized genes that share putative ortho-
logs with C. elegans genes Y25C1A.5, ZK430.1, E01G4.6, R160.7
(lst-2), T24D11.1, and D1005.1, given the arbitrary identifiers p15,
p24, p17, p18, p21, and p22, respectively [23]. The regions are com-
posed primarily of coding sequence, accounting for approximately
a quarter of the coding portion of the corresponding genes, and
range from 551 bp to 693 bp in length, sampled from 31 to 34 individ-
uals (GenBank accessions DQ897370–DQ897565). The remaining
three loci have been surveyed for diversity in samples of 11 to 12 in-
dividuals [20–22] and range in length from 426 bp partial sequence of
Cr-glp-1 to the >2 kbp full-length of Cr-odr-3 and Cr-fem-3 (Gen-
Bank accessions AF491520–AF491531, AY146567–AY146577,
AY196906, AY142113, AY769072–AY769081). One nuclear locus
(Cr-tra-2) also reported in [20] was excluded due to lack of sufficient
variant sites. Overall, these loci have an average diversity at silent
sites (qsi) of 0.047 [23]. In addition, the pattern of polymorphisms in
the sample reveals little evidence of population structure or demo-
graphic size changes [23]. We identified UU, PP, PU, and GC – AT
variant sites and their frequencies in the samples of sequences by
using DnaSP v. 4.10.04, where P denotes a preferred codon and U
an unpreferred codon, and by applying the C. elegans codon usage
table [33]. The numbers of PU sites per locus ranged from 7 to 35,
with 122 PU variant sites in total. By using the program CodonW
(J. Peden, http://codonw.sourceforge.net), we calculated the fre-
quency of optimal codons (Fop) and the effective number of codons
(ENC) from the sequenced region of each locus (i.e., not the entire
predicted coding region of the gene), retaining the maximum value
observed among the sequences of different individuals. Individuals
differed very little in the observed values of Fop and ENC, and use of
means or medians of these measures of codon bias did not qualita-
tively affect the analyses.
The theoretical distribution of preferred codon variants, f(x),
is described by the relation fðxÞ = Cegxxð12 xÞ, where x is the frequency
of the preferred variant, g = 4Nes (with additive selection assumed),
and C is a constant such that
R 12 12N
1
2N
fðxÞdx = 1is satisfied [28].
A Perl or Fortran program that calculates the likelihood sur-
face for g according to this method is available upon request. Sum-
mation of log-likelihood values for different genes permits the com-
bination of data from multiple loci. Importantly, this approach is
independent of mutational biases, provided that the population is
at equilibrium [28]. Both this frequency distribution method andoutgroup polarization methods may be influenced by departures
from demographic equilibrium, although it is unknown by how
much this might affect inferences of Nes; however, population ge-
netic statistics suggest that C. remanei approximates demographic
equilibrium [23]. Violations of the model assumptions of indepen-
dence among variant sites and the infinite sites model of mutation
[34] could also compromise the inferences of Nes. Pervasive recom-
bination in C. remanei appears to be frequent enough to cause rapid
decay of linkage disequilibrium within a locus [23], so sequence var-
iants in C. remanei may roughly conform to the independence as-
sumption. The high diversity (silent-site qw5%), and therefore large
effective population size [23], forC. remanei facilitates the use of this
intraspecific frequency distribution approach for even relatively few
loci. However, the high synonymous and noncoding sequence diver-
sity in this species also results in some sites with more than two seg-
regating variants [23]. Sites that depart from the assumption of an in-
finite sites mutation process (i.e., sites with more than two variants)
were excluded from the analysis.
The likelihood model was extended to included the possibility that
g values for different sites within a gene are drawn from distribution
f(g), with mean g and standard deviation s. The likelihood expres-
sion for a given g, ln L(g), is integrated over the distribution of g to
get
R
lnL g f g dgzlnL g + 12s
2ðd2lnLðgÞ=dg2Þg

. After evaluating
the derivatives, this approximation was used to obtain a log-likeli-
hood surface for g ands. Because of the minor effect of this variance
term on the likelihood estimates, the values for g reported here as-
sume s = 0 to simplify the calculations.
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